INTRODUCTION
Stable isotopes are useful for understanding complex chemical systems such as the cycling and oxidation of NO x [NO x = nitric oxide (NO) + nitrogen dioxide (NO 2 )]. For example, the oxygen (O) stable isotope composition of atmospheric nitrate, which includes nitric acid (HNO 3 ), nitrate (NO 3 À ), and particulate nitrate (p-NO 3 À ), indicates the proportion of NO x that reacts with ozone (O 3 ) during its oxidation Thiemens, 2006; Savarino et al., 2007; McCabe et al., 2007; Morin et al., 2008; Alexander et al., 2009 (Thiemens and Heidenreich, 1983; Krankowsky et al., 1995; Johnston and Thiemens, 1997; Mauersberger et al., 2001; Vicars et al., 2012; Vicars and Savarino, 2014) (Thiemens, 2006; Savarino et al., 2008; Michalski and Bhattacharya, 2009; Berhanu et al., 2012) . Thus, O isotopic analysis, particularly D 17 O, of atmospheric nitrate has been suggested as a useful proxy for assessing changes in NO x oxidation and for evaluating long-term changes in the atmosphere's oxidation capacity (e.g. Michalski et al., 2003; Alexander et al., 2009; Alexander and Mickley, 2015) .
There may be additional useful information in d 18 O variations, because mass-dependent fractionation processes (MDFP) such as equilibrium or kinetic isotope effects will have a minimal impact on D 17 O but may induce significant d 18 O variations. These fractionation processes may also influence the nitrogen (N) isotopic composition (d 15 N(‰) = [( 15 N/ 14 N) sample /( 15 N/ 14 N) air À 1] Â 1000, where air N 2 is the N isotopic reference) as NO x is oxidized to atmospheric nitrate (e.g. Freyer et al., 1993; Vicars et al., 2013; Walters et al., 2016) . Thus, d
18 O and d
15
N of atmospheric nitrate may be related, reflecting to some degree the fractionation processes responsible for the formation of atmospheric nitrate. However, few studies have quantitatively evaluated the impacts of NO x oxidation fractionation processes on d One such fractionation process that may play an important role on the d 18 O and d 15 N of atmospheric nitrate is isotopic equilibrium exchange or partial exchange. For example, it has been previously suggested that isotopic equilibrium between NO and NO 2 has a significant impact on the d 15 N of HNO 3 produced during the daytime (Freyer et al., 1993; Riha, 2013; Vicars et al., 2013; Savarino et al., 2013; Walters et al., 2016) . The same exchange processes may also generate useful d
18
O signatures in HNO 3 . Additionally, it has been suggested that NO 2 , the nitrate radical (NO 3 ), and dinitrogen pentoxide (N 2 O 5 ) may reach isotopic equilibrium during the nighttime (Amell and Daniels, 1952; Freyer, 1991; Walters et al., 2016 Prior studies have calculated O isotopic equilibrium exchange fractionation factors involving some NO y molecules using measured vibrational spectroscopic data (Richet et al., 1977) or empirically determined interatomic force constants (Stern et al., 1968; Monse et al., 1969) . However, O isotopic equilibrium fractionation factors have not been determined for many atmospherically relevant NO y molecules such as N 2 O 5 , NO 3 , and halogen nitrates (XONO 2 ). This is primarily due to the absence of spectroscopic data for the isotopologues of these molecules. Previously, we have used computational quantum chemistry methods to calculate N isotopic equilibrium fractionation factors involving some NO y molecules . Here we will extend that study and calculate O isotopic equilibrium exchange fractionation factors for singly substituted O isotopologues of numerous NO y molecules. We will also calculate the fractionation factor associated with equilibrium isotopic exchange between the hydroxyl radical ( Å OH) and water (H 2 O) due to the importance this reaction has on the d
O of atmospheric Å OH (Dubey et al., 1997; Lyons, 2001; Michalski et al., 2012) . Knowing d

O of
Å OH is important because it will be transferred proportionally to the atmospheric nitrate end product from Å OH reaction with NO 2 (Michalski et al., 2012) . Our calculated O isotopic equilibrium fractionation factors will allow for the evaluation of the impact various exchange reactions have on d
18
O values of these molecules and how it may be propagated into the atmospheric nitrate end product. Combining our O and N isotopic equilibrium fractionation factors will allow for the prediction of d 
METHODS AND THEORY
Calculation of equilibrium isotope exchange fractionation factors
The theoretical calculation of isotopic fractionation associated with isotope exchange equilibrium reactions has long been carried out in the harmonic approximation using partition functions (Urey, 1947; Bigeleisen and Mayer, 1947) . In the Born-Oppenheimer, harmonic oscillator, and rigid-rotor approximations, the reduced partition function ratio (RPFR, commonly denoted as x b) for an oxygen isotopic pair is written as:
where x and subscript 2 refer to one of the heavy isotopes ( 17 O or 18 O) and subscript 1 refers to 16 O. The u i = hcx i / kT where h is Planck's constant, c is the speed of light, x i is the harmonic frequency (cm À1 ) for each vibrational mode (i), k is Boltzmann constant, T is temperature in Kelvin, and N refers to the number of normal mode vibrational frequencies. In Eq. (3), the Teller-Redlich rule was employed (Redlich, 1935) , which converts translational and rotational motion into vibrational frequencies. Symmetry numbers are not considered, because symmetry in itself does not lead to isotopic enrichment during equilibrium (Bigeleisen and Mayer, 1947) but must be considered from a statistical perspective (Coulson, 1978; Pollak and Pechukas, 1978; Michalski and Bhattacharya, 2009) . The x b values calculated using Eq. (3) are accurate in the harmonic oscillator and rigid-rotor approximations. However, corrections for anharmonicity, vibration-rotation coupling, centrifugal distortion, hindered internal rotation, and quantum mechanical correction to rotation have been shown to be important for calculating accurate
x b values for some molecules (Pennington and Kobe, 1954; Richet et al., 1977; Liu et al., 2010) . Generally, for atoms other than H most of the corrections can be ignored as x b is impacted by less than 0.01‰. The main exception is anharmonic correction to the zero point energy (ZPE), which can play a significant role in the calculation of accurate x b values (Liu et al., 2010) . If accurate ZPEs are known or can be accounted for,
x b values can more accurately be calculated by the following (Liu et al., 2010) :
where ZPE anhar is the anharmonic corrected ground ZPE. A general representation for an equilibrium isotope exchange reaction involving two different chemical compounds, A and B, is:
where subscripts 1 and 2 again refer to the light and heavy isotopologue, respectively. The equilibrium constant, x K A/B , which is also called the equilibrium isotope fractionation factor ( 
For example, using this notation, the equilibrium isotope exchange reaction between NO and NO 2 involving the singly substituted 18 O and 16 O isotopologue pair is written as:
The equilibrium constant for this isotope exchange reaction is written as:
Computational chemistry methods
Using ab initio methods to obtain b and a A/B values for use in geochemical systems is a relatively recent advance (e.g., Driesner et al., 2000; Yamaji et al., 2001; Schauble et al., 2004 Schauble et al., , 2006 Anbar et al., 2005; Liu and Tossell, 2005; Otake et al., 2008; Liu et al., 2010) . In this study, the Becke-3 parameter-Lee-Yang-Parr (B3LYP) hybrid density function theory (DFT) method (Lee et al., 1988; Becke, 1993) and Dunning correlation-consistent polarized valence triple f (cc-pVTZ) basis set (Dunning, 1989) We also calculated the geometry and vibrational frequencies of NO 3 using the EDF2 DFT method (Lin et al., 2004) with the cc-pVTZ basis set (EDF2/cc-pVTZ) and the QCISD method with the cc-pVDZ basis set (QCISD/cc-pVDZ). These additional methods were used to compare the calculated vibrational frequencies of NO 3 due to the difficulties this molecule presents for computational studies related to it being a polyatomic doublet radical with multireference character (e.g. Morris et al., 1990; Dutta et al., 2013) . Calculations involving the B3LYP/cc-pVTZ and QCISD/ cc-pVDZ methods were performed using the Gaussian09 program package revision D.01 (Frisch et al., 2009 ) on the Purdue Radon cluster (ITaP Research Computing, 2015) . The EDF2/cc-pVTZ calculations were performed using the QChem 4.2 program package (Shao et al., 2015) on an IBM personal computer. 16 O position. Systematic model errors and anharmonic corrections to the ZPE were accounted for by applying a constant scale factor to the calculated harmonic ZPE, as recommended by Liu et al. (2010) . We used a constant scale factor of 0.9787, recommended by Sinha et al. (2004) to correct calculated harmonic ZPE using B3LYP/ cc-pVTZ to match experimental ZPEs. This scale factor was also used to correct the ZPE of NO 3 calculated using EDF2/cc-pVTZ. The ZPE of NO 3 calculated from QCISD/ cc-pVDZ was scaled by 0.9776, based on a recommended value for QCISD/6-31G(d) (Scott and Radom, 1996) .
RESULTS
Calculated x b values
Calculated geometries (Table S1 ), harmonic frequencies (Table S2) , and ZPEs (Table S3) for the molecules of interest in this study are presented in the Supplementary data. The NO 3 vibrational frequencies calculated using B3LYP/cc-pVTZ, EDF2/cc-pVTZ, QCISD/cc-pVDZ, and EOM-CCSD/aug-cc-pVDZ were compared (Table 1 ) with experimental data (Kim et al., 1992; Jacox and Thompson, 2008; Beckers et al., 2009) . Generally, it is found the most accurate NO 3 vibrational frequencies are from the EDF2/cc-pVTZ method (Table 1) . Using calculated frequencies,
x b values were calculated for each molecule over a temperature range from 150 to 450 K using Eq. (4). For the molecules that had non-equivalent O sites (i.e. (Table S4) . At 298 K, 18 b ranged from 1.0258 to 1.1110, increasing in the following order: Table 2 ). The magnitude of 18 b appears to be related to the number of bonds and the electronegativity of the oxygen bond-partner and increased in the following order: 1 hydrogen < 2 hydrogen < 1 halogen + 1 nitrogen < 2 nitrogen < 1 hydrogen + 1 nitrogen < 1 nitrogen (Table 2 ). This ordering of atoms that O is directly bonded to may provide a rough a priori way to arrange 18 b values based solely on molecular structure. Fig. 1 (Monse et al., 1969; Richet et al., 1977; Liu et al., 2010) as well as calculated using experimental data (Michalski, 2003; Michalski et al., 2004) . Overall, our calculated 18 b values agree with those previously reported (Fig. 1 ). For example, at 300 K, we calculated 18 b (NO) to be 1.0995, which is close to previously calculated values of 1.0973 (Richet et al., 1977 ) and 1.0963 (Monse et al., 1969) . Additionally, our calculated 18 b (NO2) at 300 K is 1.0909, which is close to the value of 1.0899 previously calculated by Monse et al. (1969) and the value of 1.0867 calculated from empirically determined interatomic force constants (Michalski, 2003) and experimental ZPEs (Michalski et al., 2004) . For H 2 O, we calculated 18 b (H2O) at 300 K to be 1.0635, which is close to values previously calculated of 1.0632 (Liu et al., 2010) and 1.0630 (Richet et al., 1977) . Finally, for HNO 3 c , we calculated 18 b(HNO 3 c ) to be 1.0862 at 300 K, which is close to the value of 1.0860 reported by Monse et al. (1969) . Fig. 2 compares the 18 b calculated for NO 3 using B3LYP/ccpVTZ, EDF2/cc-pVTZ, and QCISD/cc-pVDZ methods and indicates general agreement. For example, at 300 K, 18 b for NO 3 is calculated to be 1.0775, 1.08135, and 1.0796 for B3LYP/cc-pVTZ, EDF2/cc-pVTZ, and QCISD/cc-pVDZ, respectively. However, since EDF2/ccpVTZ calculated the most accurate NO 3 vibrational frequencies of the considered computational methods ( Kim et al. (1992) . e Jacox and Thompson (2008) . * Calculated as the average absolute deviation from experimental vibrational frequencies (i):
373 K, respectively. These experimentally determined values agree reasonably well with our calculated values of 1.0256 and 1.0126 at 295 K and 373 K, respectively. b values calculated using B3LYP/cc-pVTZ, except for NO 3 , which was calculated using EDF2/cc-pVTZ. Fig. 1 . Comparison of calculated 18 b values using B3LYP/cc-pVTZ with those computed in previous studies for (a) NO (Monse et al., 1969; Richet et al., 1977) , (b) NO 2 (Monse et al., 1969; Michalski, 2003; Michalski et al., 2004) , (c) H 2 O (Richet et al., 1977; Liu et al., 2010) , and (d) HNO 3 c (Monse et al., 1969 ).
values ranged from 1.0082 to 1.0371 at 298 K ( 
For the considered exchange reactions, D
17
O was found to minimally deviate from 0‰ (Fig. 3) , ranging from 0.02 to 0.18‰ (Fig. 3) at 298 K.
DISCUSSION
Overall, our
18 a A/B calculations show that if isotopic equilibrium is achieved, it will influence the partitioning of 18 O between the considered molecules, without inducing a significant D 17 O signature, as expected for a MDFP (Fig. 3) (Freyer et al., 1993; Riha, 2013; Vicars et al., 2013; Savarino et al., 2013; Walters et al., 2016) and nighttime isotopic equilibrium between NO 2 , NO 3 , and N 2 O 5 (Amell and Daniels, 1952; Freyer, 1991; Walters et al., 2016) During the daytime, NO x exists in a photochemical steady state in which NO is oxidized to NO 2 , which may photolyze back to NO leading to the production of O 3 (Leighton, 1961) . The photochemical cycling between NO-NO 2 -O 3 is rapid, and prior experimental investigations of this cycling has suggested that O isotopic equilibrium is achieved between O 3 and NO x (Michalski et al., 2014) . Based on a photochemical NO x -O 3 isotope equilibrium model, d
18 O-NO x has been estimated to have a value of 117 ± 5‰ relative to VSMOW (Michalski et al., 2014 . Exceptions include regions dominated by soil emissions (e.g. Great Plains during the summer) or coal-fired power plant emissions, in which d 15 N-NO x is estimated to range from À31-À21‰ and 5-9‰, respectively . While the isotopic composition of NO x is approximately known, the isotopic composition of its components, NO and NO 2 , may be altered relative to NO x due to isotopic exchange. The rate of isotopic exchange between NO and NO 2 is rapid (k = 8.14 Â 10 À14 cm 3 molecules À1 s À1 at 298 K; Sharma et al., 1970) and may lead to the partitioning of 18 O between NO and NO 2 similar to exchange previously observed for 15 N (Freyer et al., 1993; Walters et al., 2016 (Freyer et al., 1993; Walters et al., 2016) . The impact of this exchange on d 15 N of NO and NO 2 has been previously derived (Freyer et al., 1993; Walters et al., 2016 ), which we have adapted to also include d 18 O, as the following:
where x represents either 18 O or 15 N and f NO2 is the fraction of NO 2 to the total NO x . During the daytime, near equal concentrations of NO and NO 2 can occur (e.g. Vicars et al., 2013; Walters et al., 2016) due to the emission of NO (e.g. Gao, 2007) and NO 2 photolysis (Leighton, 1961 
We will refer to HNO 3 produced through R4 as HNO 3 (1) in the following discussion. Assuming no kinetic isotope fractionation associated with R4 (this will be discussed in a forth coming paper), the d x of HNO 3 (1) can be calculated using mass-balance as the following:
This model indicates that the N and O isotopic composition of HNO 3 (1) and using N isotopic exchange fractionation factors for NO 2 /NO from our previous study (Michalski et al., 2014) and using O isotopic NO 2 /NO exchange fractionation factors calculated in this (1) at 300 K with f NO2 = 0.70 exhibit significant variation (Fig. 4a) (1) to f NO2 is a result of the magnitude of the NO 2 /NO equilibrium fractionation factors, in which N fractionation is fairly large ( 15 a NO2/NO = 1.0370 at 300 K), while O fractionation is relatively minor ( 18 a NO2/NO = 0.992 at 300 K). This isotope equilibrium mechanism predicts that d 15 N-HNO 3 (1) will be sensitive to diurnal fluctuations in f NO2 , which is a phenomenon that has been previously observed . Additionally, this mechanism indicates that since O fractionation between NO and NO 2 is relatively minor, d
18 O-HNO 3 (1) is approximately equal to the O isotope mass-balance between NO x -O 3 (in photochemical equilibrium) and Å OH. In addition to f NO2 dependence, the isotopic composition of HNO 3 (1) will also have a temperature dependence that is related to the temperature dependent a NO2/NO and aÅ OH=H 2 O values. As temperature decreases, 15 a NO2/NO increases Walters et al., 2016) , and this will result in HNO 3 (1) having a higher d 15 N value relative to the d 15 N-NO x for a fixed f NO2 value. Additionally, while 18 a NO2/NO is relatively insensitive to temperature (Fig. 2) During the nighttime, higher N oxides form and new pathways of HNO 3 production become important due to the absence of photochemically produced Å OH. Under these conditions, NO 2 is oxidized by O 3 forming the NO 3 radical R5, which exists at thermal equilibrium with NO 2 and N 2 O 5 (Russell et al., 1985; R6) . Subsequent hydrolysis of N 2 O 5 on a wetted surface forms HNO 3.
This HNO 3 formation pathway is typically most prevalent during the winter when N 2 O 5 is thermally stable (Calvert et al., 1985; Chang et al., 2011) . Nighttime HNO 3 may also form through hydrogen abstraction from organic compounds (R) by NO 3:
Since photochemical cycling of NO x shuts down during the night, nearly all NO x exists as NO 2 . Thus, d
-NO 2 as isotopic exchange between NO and NO 2 ceases (Freyer et al., 1993; Walters et al., 2016) . However, isotopic equilibrium between NO 2 , NO 3 , and N 2 O 5 is likely to be achieved mirroring its rapid chemical equilibrium rate (lifetime of 1-2 min; Amell and Daniels, 1952; Freyer, 1991) Chang et al., 2011) . Therefore, in most cases the isotopic composition of N 2 O 5 and NO 3 should reflect the exchange a's with respect to NO 2 (i.e. a N2O5/NO2 and a NO3/ NO2 ) and can be determined from the following:
Assuming a negligible kinetic isotopic fractionation associated with R7, the isotopic composition of atmospheric nitrate produced through N 2 O 5 hydrolysis, which we will refer to as HNO 3 (2) Nitrate produced at night formed through the NO 3 hydrogen abstraction pathway, which we will refer to as HNO 3 (3), will have an O and N isotopic composition that is equal to the isotopic composition of NO 3, assuming isotopic mass-balance and neglecting any kinetic isotopic fractionation associated with R8: a NO3/NO2 = 0.9901 at 300 K). Our calculations indicate that as temperatures decrease, both the N and O fractionation resulting from the NO 3 /NO 2 isotopic exchange will increase, which will result in higher d
x -HNO 3 (3) values. It is important to note the uncertainty in the calculated x b of NO 3 that is related to the computational difficulties of NO 3 as previously discussed (e.g. Morris et al., 1990; Dutta et al., 2013) . B3LYP/cc-pVTZ, EDF2/cc-pVTZ, and QCISD/cc-pVDZ models yielded 18 b within 3.8‰ at 300 K (Fig. 2) indicating general agreement. However, these methods found a wider range in 15 b, from 1.0715 to 1.0864 at 300 K (Fig. S1) (Kim et al., 1992; Jacox and Thompson, 2008; Beckers et al., 2009) (Fig. 5) , including HNO 3(g) (Elliott et al., 2009), p-NO 3 À (Elliott et al., 2009; Mase, 2010; Vicars et al., 2013) , and NO 3 À (aq) (Durka et al., 1994) . The measured d
18 O-d 15 N values in atmospheric nitrate plot between the two major HNO 3 formation pathways HNO 3 (1) and HNO 3 (2) predicted by this equilibrium model (Fig. 5) . However, some of the reported d
18 O-d 15 N values appear to represent a mixture of HNO 3 (1) and HNO 3 (3), which is most likely to occur for areas with high DMS/VOC concentrations such as marine and forest ecosystems (Geyer and Platt, 2002 Freyer, 1978 Freyer, , 1991 Elliott et al., 2009; Mase, 2010; Beyn et al., 2014) . During winter, the HNO 3 (2) pathway is generally most prominent (Calvert et al., 1985; Chang et al., 2011) , and our calculations suggest that this pathway results in high d
18 O and d 15 N values. During summer, the HNO 3 (1) pathway is generally most prominent due to the higher concentrations of photochemically produced Å OH (Calvert et al., 1985) , and our calculations suggest this pathway will result in d Michalski et al., 2003 Michalski et al., , 2012 Savarino et al., 2007) 18 O, which does not match the equilibrium predictions (Fig. 5) . This sort of event may explain why a few of the atmospheric nitrate measurements from Mase (2010) is outside of the general predicted HNO 3 formation d 18 O-d 15 N range (Fig. 5) . These rainwater nitrates were collected at N deposition sites after a storm saturated recently fertilized agricultural fields in the Midwestern U.S., suggesting NO produced by nitrification/denitrification.
While our predicted equilibrium d 18 O-d 15 N compositions generally agrees with atmospheric nitrate measurements (e.g. Durka et al., 1994; Elliott et al., 2009; Mase, 2010; Vicars et al., 2013) , it is important to point out the simplicity of our model. Primarily, we have ignored any kinetic isotope effects. If equilibrium between NO 2 , NO 3 , and N 2 O 5 is achieved, kinetic isotope effects associated with the formation of NO 3 and N 2 O 5 should be erased. However, kinetic isotopic effects will need to be considered for the photochemical cycling of NO x , that includes NO 2 photolysis and NO oxidation, as these MDFPs are predicted to have an impact on the N and O isotopic composition of NO 2 (Walters et al., 2016) , which may then be propagated into NO y molecules. Additionally, we will need to determine kinetic isotope fractionation factors for the final step in forming atmospheric nitrate (i.e. R4, R7, and R8), which may play an important role in its N and O isotopic compo- 15 N compositions for three major HNO 3 production pathways that is compared with previous atmospheric nitrate measurements (Durka et al., 1994; Elliott et al., 2009; Mase, 2010; Vicars et al., 2013 sition. Our equilibrium model suggests that the isotopic composition of NO 2 drives the isotopic composition of atmospheric nitrate indicating the need for future in situ isotopic measurements of NO 2 . Determination of NO x photochemical cycling fractionation factors, isotopic in situ measurements of NO 2 , and kinetic isotopic modeling of NO x oxidation will be the subject for future research. 
CONCLUSIONS
